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THESIS ABSTRACT 
Name:  Esam Gunaid Abdo Al-Nahari 
Title: Synthesis and Characterization of Zinc Oxide 
Nanopowder Doped with Copper by Microwave assisted 
Polyol Method 
Major Field:  Physics 
Date of Degree:  May 2012 
      
In this work, pure and Cu-doped ZnO samples (Zn1-xCuxO, x=0, 0.02, 0.04, 0.06, 0.08, 
0.10, 0.12, 0.14) have been prepared using microwave assisted polyol method from zinc 
and copper acetates dissolved into diethylene glycol (DEG) at 180 ⁰C and 200 ⁰C.  
The structure, morphology and optical properties of synthesized pure and doped samples 
have been characterized by X-Ray Diffraction (XRD), X-Ray Photoelectron 
Spectroscopy (XPS), Field Emission Scanning Electron Microscopy (FESEM), and UV-
visible light spectroscopy (UV-vis).  
XRD results showed that pure ZnO and Cu-doped ZnO synthesized by microwave 
assisted polyol method at 180 ⁰C and 200 oC have a hexagonal structure. The results 
showed that the grain size increases with increasing temperature whereas it decreases 
with increasing Cu doping concentration. In the present investigation we did not observe 
any noticeable change in the lattice parameters of Cu- doped ZnO for all synthesized 
samples. 
  xii 
X-Ray Photoelectron Spectroscopy (XPS) technique has provided elemental and 
chemical information of Cu-doped ZnO samples and the results emphasized the presence 
of Cu+2 within Zn+2 crystals. 
FESEM investigation of pure ZnO and Cu-doped ZnO synthesized by microwave 
assisted polyol method at 180ºC and 200ºC showed spherical primary particles 
consisting of agglomerated nanoparticles. The samples synthesized at 180ºC had 
spherical shape more regularity than those samples synthesized at 200ºC.  
EDX spectra clearly confirm the chemical purity of the investigated samples. The 
chemical composition of samples indicates two components; Zn and O for pure samples 
whereas three components: Zn, Cu and O for doped ZnO samples.  
The effect of doping on the band gap of ZnO was studied by UV -visible diffuse 
reflectance spectroscopy. The results showed that the energy band gap of synthesized 
ZnO decreases very slightly from 3.29 to 3.26 eV with increasing Cu doping 
concentration within the ZnO samples. 
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CHAPTER 1  
INTRODUCTION 
1.1. INTRODUCTION 
The term “nanoparticles” is used to define ultrafine particles that cover a size range 
between 1 to 100 nanometers. Nanometer is 10-9 meter, or one billionth of a meter. 
Nanoparticles acquire unique properties that differ from those of bulk materials. This is 
due to four factors[1]:  the specific surface area of the material, the smallness of the size, 
the size dependent properties, and the high fraction of atoms on the surface relative to 
those on the interior of the particle. Obviously, the specific surface area increases as the 
size of the particle decreases. This is very important in catalysis where large surface area 
is usually needed. Large surface area leads to an increase in the number of atoms 
situated at the surface of the nanoparticles. It represents contacting and interacting points 
among materials and has activity much more than those inside the material particles. The 
smallness of the nanoparticles increases its penetration ability through many barriers 
such as cells tissues and membranes. This property was utilized in many medical 
applications and many industries[1-2]. The size dependent properties are due to quantum 
effects that can be exhibited in materials at nanoscale sizes. It is responsible for 
absorption of light of a certain frequency and the development of discrete energy 
levels[1],[3]. Finally, the large number of surface atoms relative to the bulk atoms 
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increases the surface energy per unit volume. This, in turn, causes some changes in the 
particle’s physical properties such as melting point and related properties. 
Moreover, nanoparticles can be produced in various morphologies such as spheres, 
tubes, cylinders, disks and platelets which may have different chemical compositions. 
They can be composed of metals, metal oxides (inorganic nanoparticles) or organic 
materials such as polymers, etc [4]. 
 
1.2. SYNTHESIS METHODS 
There are several techniques used for producing nanomaterials. These can be essentially 
divided into two categories according to the type of precursor materials used in the 
synthesis; methods using solid precursors and methods using liquid or vapor precursors. 
Each method is suitable for synthesizing specific nanostructured materials according to 
the needs and application fields [5]. 
 
1.2.1. Methods using solid precursors  
1.2.1.1. Inert gas condensation 
In this method, the solid precursor material is heated to evaporate into a background gas 
inside a sealed and evacuated chamber. Then, the vapor is mixed with a cold gas to 
reduce the temperature.  Finally, the desired product is collected as powder. This method 
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is well suited for producing metal nanoparticles since many metals evaporated at 
reasonable rates at attainable temperatures. Oxides or other compounds of the 
evaporated material can be prepared by including a reactive gas, such as oxygen, in the 
cold gas stream[6-7].   
1.2.1.2.    Pulsed laser ablation 
In this method the material is removed from the surface of a target by irradiating it with 
a high intensity laser beam focused onto the fixed or rotating target. The absorbed laser 
beam energy either produces plasma or just evaporates the material. The laser beam 
intensity is high enough to ablate small amounts of the surface of the target material. 
The produced material is either collected as powder or deposited on a substrate. This 
technique was used to produce thin films of a wide range of composition and a variety of 
nanomaterials[8- 9]. 
1.2.1.3. Sputtering 
This technique is based on removal of atoms from a target due to bombardment by 
energetic ions. The target atoms that will be ionized become positive ions after losing 
some electrons. These ions are sputtered and controlled by different parameters such as: 
electrostatic voltage, pressure and target substrate distance [10].  
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1.2.1.4. Sparks discharge generation 
The principle of this method depends on generating a spark discharge between two 
electrodes of precursor materials by a charged capacitor with a high voltage. Electrode 
material is evaporated by the spark. The final product is obtained by nucleation of the 
evaporated material. There are many advantages of this method such as synthesizing 
different nanomaterials by controlling the distance between electrodes, possibility of 
inserting an inert gas if needed and controlling the spark discharge frequency that 
controls the vaporization rate[11].   
1.2.2. Methods using liquid or vapor precursors 
1.2.2.1. Spray pyrolysis 
In this method, the precursor solution is prepared and then atomized by a spraying 
system inside a reactor. The flow rate of the precursor solution is controlled by a 
constant pressure feed system. The droplets of precursor solution are evaporated into the 
rector. Finally, the new product is collected from the reactor as powders [12-13].  
1.2.2.2. Laser pyrolysis 
Nanoparticles can be fabricated by laser pyrolysis method. This method is based on 
absorption of laser radiation by the reactant materials. The reactant materials are 
evaporated in the presence of air or any gas such as oxygen to obtain the desirable 
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product. The product material is formed by nucleation and growth. The product is 
collected as powder[14–16].  
  
1.2.2.3. Thermal plasma synthesis 
This is another method for producing nanomaterials.  Precursors are treated inside a 
thermal plasma reactor. Argon was used to generate the plasma torch. The precursors are 
injected continuously into the torch tail region by a carrier gas. The final product is 
formed and collected as powder [17-18].      
1.2.2.4. Flame spray pyrolysis 
The nanoparticles can be synthesized with the flame spray pyrolysis. The precursor 
materials are sprayed with a nozzle, surrounded and burnt by a flame in the presence of  
a flow rate of oxygen and methane. The final material is collected with the aid of a filter 
connected to vacuum [19].  
1.2.2.5. Low-temperature reactive synthesis 
This method is used for synthesizing nanomaterials at low temperature. The precursor 
materials are separately dissolved in a suitable solvent. The solutions are continuously 
stirred at low temperature such as 70°C for a certain time. One of the solutions is slowly 
added to the other with continuous stirring forming final solution. The final solution is 
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centrifuged, washed several times with deionized water or ethanol and dried to obtain 
the desired nanopowder[20-21]. 
1.2.2.6.  Chemical vapor synthesis 
Chemical vapor synthesis (CVS) is another process that can be utilized for synthesizing 
nanomaterials. The reaction is achieved in a modular CVS reactor under suitable 
conditions. In such a process, the reactor is connected to precursor delivery units, 
reaction, heating, collecting zones and a pumping unit. One of the advantages of this 
technique is synthesis of wide range of nanomaterials[22-23]. 
1.2.2.7. Precipitation process 
In this process, the precursor materials are slowly dissolved into a solvent material. 
Then, the solution is placed in a reactor vessel with vigorous stirring. The precipitate 
material is obtained, filtered and washed several times with deionized water.  
Finally, the obtained powder is dried at low temperature and then calcined to high 
temperature [24-25]. 
1.2.2.8.  Hydrothermal synthesis  
 Hydrothermal process is also one of the methods for synthesizing nanomaterials using 
liquid precursors. This process involves a chemical reaction of precursor materials in the 
presence of aqueous solvents at high temperature. In this process, the high temperature is 
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a significant factor for dissolving the precursor materials which cannot be dissolved in 
normal conditions. Then the solution is transferred into a Teflon-lined stainless steel 
autoclave and stirred. Then it is cooled down to room temperature, filtered, washed 
several times with distilled water or ethanol and dried at low temperature. The resultant 
is collected as a powder [26–28] . 
1.2.2.9. Microwave assisted polyol method 
This technique represents one of the promising techniques used for synthesizing 
nanomaterials. In this technique, a microwave oven is used as a source of heating the 
precursor material and polyol materials such as ethylene glycol (EG) or diethylene 
glycol (DEG) are used as solvents, reducing agents, and surfactants.  
 Microwave oven generates electromagnetic radiations that are absorbed by the sample 
in a short time. The electromagnetic radiations generate heat within the material.  
This property is different from that in the conventional heating in which the heat 
transfers from the surface of material towards the inside.  
The main advantages of this method are that it is a simple, fast and efficient technique. 
Moreover, microwave heating enhances the uniformity of the size distribution of the 
final product. The degree of nucleation of synthesized nanocrystalline materials using 
this method is controlled by the temperature, exposure time, and ratio of precursor 
material to solvent[29–32]. Last but not least, the precursor compounds such as 
hydroxides, oxides, nitrates, sulfates, and acetates can easily be used as dissolved or 
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suspended solutions in the polyol. In our work, this method was used for synthesizing 
pure and doped ZnO. Zinc Oxide (ZnO). 
 
1.3. ZINC OXIDE (ZNO). 
ZnO belongs to II-VI semiconductors materials.  It has a direct band gap (Eg~3.37 eV), a 
large exciton binding energy (60 meV) and other unique piezoelectrical, electrical and 
optical properties [33].  As a result of these properties, ZnO has been utilized in many 
applications such as gas sensors, varistors, catalysis, etc…[4]. 
ZnO can be formed in nature on two structures, hexagonal wurtzite and cubic 
zincblende. The hexagonal wurtzite is common due to its high stability in normal 
conditions[34]. 
ZnO can be synthesized in several structures such as, nanotubes, nanoneedles, nanobelts, 
nanocombs, nanorods, nanorings, nanowire,etc…[34-35]. 
ZnO nanostructured material can be produced by different methods such as mechanical 
processing [7], hydrothermal process [36], sol–gel method [37], laser ablation method 
[38] spray pyrolysis method [13] and combustion method [39]. 
The Electrical, magnetic and optical properties of ZnO nanoparticles can be enhanced or 
modified by doping with transition metals such as Ag, Cu, Co, or Ni [40].  Doping ZnO 
with nitrogen converts ZnO from n-type to p-type semiconductor [41- 42]. 
In this work, the microwaves-assisted polyol method was used to synthesize pure and 
doped ZnO nanoparticles with copper. Predetermined amounts of zinc acetate and 
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copper acetate were mixed with diethylene glycol (DEG) solvent. The solution was 
stirred and then treated in domestic microwave that has been modified with a home- 
made temperature control system.  The temperature, the concentration of the acetates 
and the exposure time was varied to study their effect on the synthesized nanostructure. 
At the end of this process, the precipitate was collected and washed, then centrifuged to 
remove the residues and dried.  
 
1.4. IMPORTANCE OF THE TOPIC 
 The synthesis of Cu-doped ZnO is important for the following reasons: 
• The synthesized material can be used in different applications such as 
photo-catalysis and gas sensing. 
• Acquiring the know-how about microwave assisted polyol method will 
help in the establishment of material science lab for nanomaterials 
synthesis in physics department at KFUPM. 
• Effects of doping ZnO with Cu might change the properties of ZnO such 
as lattice parameters, band gap energy, etc…. 
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1.5. OBJECTIVES 
The main objectives of this work are: 
a. To build an external microwave power control circuit that enables us to 
control synthesis temperature. 
b. To synthesize nanostructured pure ZnO and ZnO doped with copper, 
using microwave-assisted polyol method. 
c. To characterize the synthesized materials using X-Ray Diffraction 
technique (XRD) and Scanning Electron Microscopy (SEM). 
d. To study the effect of synthesis temperature on the size and the 
morphology of synthesized nanostructured materials. 
e. To study the effect of concentration of zinc and copper acetates on the 
                  structure and the morphology of synthesized nanostructured materials.    
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CHAPTER 2                                                                                          
LITERATURE REVIEW 
Zinc oxide (ZnO) is of great interest to many researchers due to its unique properties. 
Substantial efforts have been devoted to enhance or modify ZnO properties for different 
applications. Doping was one of the efforts that used the precursor materials as a way to 
improve the properties of ZnO.  In this chapter we will review works that were applied 
to synthesize pure and doped ZnO.  
Weiqin Ao et al. [43] reported that pure zinc oxide nanoparticles were synthesized with 
the mechanochemical reaction method followed by heat-treatment. The particle size of 
the ZnO nanoparticles ranged from 18 nm to 36 nm when synthesized between 400 °C 
and 800 °C.  
It was reported by Yonghong Ni et al. [33] that the simple solution- combustion method 
was successful for synthesizing pure ZnO nanoparticles. They found that the ZnO has 
the wurtzite structure. UV–vis spectroscopy showed that an absorption peak was 
obtained at 374 nm.  
Sul Lee et al.[44] synthesized ZnO nanoparticles with controlled shapes and sizes by a 
simple polyol method. In their work, they obtained two shapes; rod-shaped particles 
with an average major axis length of 114 ± 54 nm and minor axis length of 31 ± 10 nm 
and equiaxial particles with an average diameter of 34 ± 9 nm.  
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ZnO nanoparticles were synthesized by the solvothermal method [45]. XRD results 
revealed that ZnO phase was hexagonal. ZnO nanoparticles and nanorods were obtained 
using ethanol and diethylene glycol as solvents, respectively.  ZnO nanorods prepared 
with ethanol had a diameter and a length of  8 ± 2 nm and 54 ± 11 nm, respectively.  
ZnO nanoparticles prepared with diethylene glycol had diameters of 68 ± 7 nm.  
Ning Wang et al. [46] reported that the facile low temperature reaction was successful 
for synthesizing ZnO nanosheets. The precursor materials were dissolved in deionized 
water.  XRD results indicated a hexagonal phase of ZnO. SEM and TEM images 
revealed that the morphology of the product was nanosheets. The thickness of ZnO 
nanosheets can be changed from 10-20 nm to 30-40 nm if the reaction temperature 
altered from 80 ºC to 180 ºC.  
It was reported by Takao Tani et al. [47] that ZnO nanoparticles were fabricated by 
flame spray pyrolysis. The phase of ZnO nanoparticles was hexagonal and the average 
grain size was in a range of 10 to 20 nm.   
Yoshie Ishikawa and his team[48] fabricated ZnO nanorods by pulsed laser ablation 
method in deionized water at different temperature with and without surfactants, lauryl 
dimethylaminoacetic acid (LDA) and cetyltrimethylammomium bromide (CTAB). The 
ZnO structure was hexagonal as revealed by XRD. The size of nanorods was around 
500-600nm long and 200nm wide. LDA effect was clear in decreasing ZnO nanorods 
size whereas CTAB did not have any affect.  
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Kushal D.Bhatte et al.[49] synthesized ZnO nanoparticles using domestic microwave. 
Zinc acetate as precursor was dissolved in butanediol as solvent. The mixture was heated 
by microwave for 2 minutes. The product was centrifuged, washed with deionized water 
and alcohol several times then dried at 60 °C for 4 hours. XRD showed that the obtained 
phase was hexagonal and the average particle size was around 40 nm. 
Xingyan Xu and Chuanbao Cao [50] reported the synthesis of single-phase Zn1−xCoxO 
(x=0.02, 0.04) powders were synthesized by a simple co-precipitation technique. XRD 
results revealed that the Co-doped ZnO structure was a wurtzite. Authors found that the 
lattice parameters of ZnO powders decreased slightly when Zn was substituted with Co. 
The optical absorption spectra showed that the band gap decreases when the 
concentration of Co increased 
M. Zheng and J. Wu [51] fabricated the nitrogen-doped ZnO nanocrystallite by self-
assembly combustion technique (SAC). XRD results revealed that the phase of doped 
ZnO was hexagonal. In addition, the chemical analysis of the product was done by XPS, 
and it was found that there is an N–O bonding region in ZnO crystal lattice because of 
the nitrogen incorporation.  
Mn-doped ZnO nanorods were synthesized by solvothermal route [52]. The 
morphological and structural properties of the doped ZnO were investigated by (High 
Resolution Transition Electron Microscopy) HRTEM and XRD. The results showed that 
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the morphology of the production was nanorod and the preferential growth direction was 
along the c-axis.  
Hydrothermal method was used for producing ZnO doped with indium nanoparticles 
[53]. The growth of ZnO crystals had a plate-like form in the presence of In3+. UV-
visible spectrophotometer results showed that transmittance of ZnO crystals decreased 
due to doping with indium. The absorption edge red-shifted compared with undoped 
ZnO crystals. The resistivity of indium-doped ZnO crystals was lower than 0.015 Ω.cm 
at room temperature. 
 D.W. Zeng et al.[54] prepared Sb-doped ZnO nanoparticles with wurtzite structure by 
vapor condensation method from Zn–Sb alloy as precursor in the environment of Ar and 
O2 gases. The average grain size was about 60 nm.  XPS results showed that Sb was 
found within the ZnO crystal lattice. The doped Sb5+ ions led to a considerable increase 
of the optical reflectivity and electrical resistivity in comparison with the undoped ZnO 
nanoparticles. 
ZnO nanoparticles doped with Cu, Mn and Fe were synthesized by solid state reaction 
method and co-precipitation method [55]. XRD, XRF and mapping analyses results 
showed that Zn was successfully substituted with Cu, Mn and Fe and all doped 
compounds were well crystallized.  
Zhou Zhang et al. [56] had synthesized Cu-doped ZnO nanoneedles and nanonails by 
thermally evaporating Zn and CuCl2 powders.  XRD results showed that doped 
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nanostructured ZnO was hexagonal and the lattice parameters decreased because of the 
doping. Photoluminescence results showed that the band-edge UV emission and the 
broad green emission are red-shifted by about 7nm and 20nm, respectively.  
 K.G. Kanade et al. [57] fabricated ZnO nanoparticles doped with Cu in aqueous and 
organic reaction mediums. XRD showed that nanocrystalline ZnO was hexagonal. The 
average grain size was in the (40 nm –55 nm) range for organic mediated Cu-ZnO 
whereas it was in the (50nm – 85 nm) range for aqueous mediated ZnO. The copper was 
found in an oxide form located at the core of prismatic ZnO form with clear edges and 
faces.  
In this work, doped zinc oxide with copper was synthesized by means of microwave 
assisted polyol method. Different techniques namely XRD, XPS, FESEM and UV-
visible spectrophotometer were used to characterize the material.  
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CHAPTER 3                                                                        
EXPERIMENTAL WORK 
Microwave assisted polyol method is considered to be one of the best techniques used 
for synthesizing nanostructure metal oxides because it is fast, simple, energy efficient 
and can be used to synthesize a variety of doped metal oxide nanostructured 
powders[30]. 
 
3.1. APPARATUS  
We used a domestic microwave oven [ULTRA, UT-9900] to carry out the synthesis 
reaction. The temperature was monitored by a home-made thermocouple which can be 
used inside the microwave cavity. The thermocouple was calibrated by a thermometer. 
A hole was opened on the upper side of the microwave to insert the thermocouple inside 
the beaker containing the reactant material. In addition to the built-in power control of 
the microwave, we added an electric circuit that enabled control of the power of the 
microwave externally thus giving control over the temperature of the solution at the 
desired value during the course of the synthesis experiment.  A schematic diagram of the 
synthesis device is shown in Figure 3-1. 
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Figure 3-1 Schematic diagram of experimental synthesis set up 
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3.2. MATERIALS AND PROCEDURE  
The precursor materials used in this work were zinc acetate Zn(O2CCH3)2(H2O)2 
[SIGMA-ALDRICH Pcode:100930197], and copper acetate Cu(CH3COO)2 [PANREAC 
cod. 141261]  as dopant and diethylene glycol DEG was used as solvent and reducing 
agent. The used ratios, in gram, of zinc acetate to solvent DEG were 1, 2, 3 and 4 % of 
the total mixture. Also, the ratios of copper acetate to zinc acetate were 2, 4, 6, 8, 10, 12 
and14%.  
The precursor materials were weighted and added together to DEG. The mixture was 
heated at ~ 85 °C and stirred until the mixture became homogenous and clear. The 
solution was then cooled down to 35 °C, and transferred to a domestic microwave oven, 
where the reaction was conducted for 20 min. After 5 minutes the color of the solution 
changed from clear to white/creamy color indicating the formation of the oxides. At the 
end of the reaction time, the mixture was cooled down in cooled water to stop the 
reaction and the precipitates were collected by centrifugation and washed twice with 
ethanol to remove the residues. The final product was then dried in air for several hours 
and collected as powder. The samples were synthesized at temperatures of ~180 ºC and 
200 ºC.     
The synthesized Cu-doped ZnO samples had different colors about the white pure ZnO 
sample. These colors changed with increasing doping concentrations of Cu.  
Figure 3-2 shows the conversion of ZnO color to several colors after its doping with Cu. 
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The Cu concentrations of 2% of precursor materials were measured by Inductively 
Coupled Plasma (ICP) technique and compared with the used Cu concentrations.  
 
Table 3-1concentrations of Cu as used versus Cu concentrations measured by ICP 
technique for 2% of precursor materials 
% of Cu concentration as used % of Cu concentration measured by ICP 
2 1.2 
4 2.7 
6 5.4 
8 8.5 
10 8.7 
12 9.6 
14 13.5 
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Figure 3-2 The synthesized samples of pure ZnO and Cu- doped ZnO (a) Pure 
(b) 2 % Cu (c) 4 % Cu (d) 6 % Cu (e) 8 % Cu (f) 10 % Cu (g) 12 % Cu  
(h) 14 % Cu 
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CHAPTER 4                                                                     
CHARACTERIZATION TECHNIQUES 
4.1. X-RAY DIFFRACTION 
X-ray diffraction is one of the analytical techniques used for materials characterization 
such as phase identification, measurement of lattice parameters and grain size 
measurement.  An x-ray diffractometer consists of an x-ray tube, a diffractometer 
assembly which controls the beam alignment as well as the position and orientation of 
the sample, and x-ray detector (see Figure4-1). 
The x-rays used in the diffractometers must be monochromatic. X-rays are generated by 
excitation of K-radiation from a pure metal target and then filtering the beam by a foil 
which has the ability of absorbing the β-component of the K-radiation without any 
appreciable reduction in the intensity of α-component. The use of a nickel filter with a 
copper target is considered a good example for transmitting the Cu-Kα beam and 
blocking the Cu-Kβ component[58-59].  
When the x-rays strike a plane of atoms in the sample surface is either scattered or 
absorbed. The interactions of x-rays with the atoms of the sample material provide the 
structural information of its crystal lattice. The diffraction pattern yield depends on two 
factors, diffraction angles and diffracted beam intensities. 
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Figure 4-1 Schematic diagram representing an x-ray 
diffractometer. 
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The diffraction angles depend on the Bravais point lattice and the unit cell dimensions, 
while the diffracted intensities depend on the atomic numbers of the constituent atoms 
and their geometrical relationship with respect to the lattice points.  
To obtain a diffraction pattern, the wavelengths of incident x-rays should be equal or 
less than interatomic spacing in the lattice. The diffraction pattern is given by Bragg's 
equation  
where n is an integer referring to the order of diffracted beam,  is the wavelength of the 
radiation, d is the distance between the sequential planes of the crystal lattice, and  is 
the angle that the incident beam makes with the lattice planes.  
Figure 4-2  shows the diffraction of x-rays beam incident on lattice planes[58- 59] 
For estimating grain size the Scherer’s equation is used and is given by[60]: 
 
where g is the diameter of the grain size, λ is the wavelength of x-ray radiation source, 
  where  is the measured peak width and  is the instrumental peak 
width. 
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Incident X-ray beam Diffracted  X-ray beam 
Figure 4-2 Diffraction of X-rays incident on lattice planes 
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In this thesis we were mostly concerned with the investigation of the crystalline 
structures, estimation of lattice parameters of ZnO doped Cu and particle (grain) size. 
This was done using a x-ray Shimadzu 6000 X-ray diffractometer (Figure4-3) with a Cu 
Kα radiation (λ = 0.154 nm) operated at 40 kV and 30 mA. The XRD patterns were 
collected at diffraction angles 2θ from 25o to 80o in steps of 0.2o. 
Figure 4-3 X-ray Shimadzu 6000 X-ray diffractometer 
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4.2. X-RAY PHOTOELECTRON SPECTROSCOPY 
X-Ray Photoelectron Spectroscopy (XPS) is a surface analysis technique used to provide 
elemental and chemical information about solid materials.  The main components of the 
XPS instrument are the following: vacuum pumps, sample holder, X-ray source, 
electrostatic lenses, electrostatic analyzer, channeltron detectors and a computer system 
as shown in Figure 4-4 [61] .  
In each XPS experiment the sample is prepared and inserted in a fast entry chamber 
which can be evacuated down to 10-3 millibar using a rotary pump and a turbomolecular 
pump. The sample is transferred to a prep-chamber and then transferred to the main 
chamber where the vacuum reaches about 10-9 millibar with the aid of large ion pumps.  
In a typical XPS experiment, soft x-rays (1486 eV or 1253.6 eV) irradiate the sample 
and the subsequent electrons ejected from the inner atomic shells are energy analyzed. 
The kinetic energy of these electrons, Ekin , is equal to the difference between the x-ray 
energy, hν, and the binding energy, EB, of the electron according to the following 
formula 
 
Where  is the energy difference between the final and the initial states of the electron  
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The electrons emitted are collected by electrostatic lenses and inserted into the 
electrostatic analyzer. The electrostatic analyzer consists of two hemispherical metallic 
parts. One is concave and the other is convex. The two hemispheres are arranged such 
that their centers of curvature coincide as shown in Figure 4-5.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-4  Main components of XPS system 
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A voltage difference is applied between the two hemispheres where the outer one is held 
at positive voltage and the inner one is grounded such that a radial electrical field is 
generated.  When the electrons pass through electrostatic field analyzer, they will collide 
with one of the concentric hemispheres or they will just pass through. If the velocity of 
the electron is high it will collide with the outer hemisphere whereas the electrons will 
collide with the inner hemisphere if the velocity of electrons is too low. With the right 
velocity of electron controlling the difference voltage, the electron will pass through the 
distance between the two hemispheres in order to reach the detector. The electrons 
detected will be analyzed with a computer system that provides us with a series of 
photoelectron peaks in a resultant spectrum. The energy of the peaks and the elemental 
composition of can be determined. The shape of each peak provides about information 
on the chemical bonding[62- 63].  
Figure 4-6 is a photograph of the XPS system, a VG scientific ESCALAB MKII 
spectrometer, equipped with dual aluminum–magnesium anode using Al Kα radiation 
 ( hν = 1486.6 eV), used in our work. 
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Figure 4-5  Mechanism of X-rays photoelectron spectroscopy 
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Figure 4-6  X-ray photoelectron microscopy (VG scientific ESCALAB MKII 
spectrometer). 
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4.3. FIELD EMISSION SCANNING ELECTRON MICROSCOPY 
FESEM term is an acronym for Field Emission Scanning Electron Microscopy. This 
technique is considered an improvement over Scanning Electron Microscopic (SEM). 
The electrons scan the sample in zig-zag pattern. FE-SEM has the ability to visualize 
small objects of 1 nanometer.  
The system consists of a source of electrons (a cathode and an anode), electro-magnetic 
lenses, scanning unit, specimen stage and detectors. The cathode is an extremely thin 
and sharp needle of tungsten; its diameter is 10–7 – 10-8 m whereas in standard electron 
microscopes electrons are produced by heating a tungsten filament.  Figure 4-7 shows 
FESEM structure and working mechanism.  
By the high voltage (0.5 to 30 kV) applied on the source of electrons in presence of a 
high vacuum (10-8 torr), a primary electrons beam is generated and accelerated toward 
electronic lenses. The primary electron beam is produced as a narrow scanning beam 
and focused by the electro-magnetic lenses that pass through the apertures in the beam 
column with a sharp before strike the sample. The scan unit deflect the electron beam 
over the object according to a zig-zag pattern and to correct irregularities in the x and y 
deflection of the beam. 
The electrons beam scans the surface of the sample and interacts with the atoms of the 
surface. This operation results secondary electrons which are caught by the detector. The 
detector produces an electronic signal. The signal is amplified and transformed to a 
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video scan-image that can be seen on a monitor or to a digital image that can be saved 
and processed further. 
The image quality taken with FESEM is better than the image quality taken with the 
scanning electron microscopy (SEM) due to the electron beam in FESEM is much 
smaller than the electron beam in SEM [64- 65]. 
In our work, the morphology of pure and doped ZnO samples was investigated by 
Tescan model Lyra-3, FESEM. 
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Figure 4-7  Components of FESEM  
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4.4. UV-VISIBLE DIFFUSE REFLECTANCE SPECROSCOPY 
UV – visible diffuse reflectance spectroscopy is a technique used to measure the 
ability of the material reflectance of light when the material is excited by the visible 
and adjacent Ultraviolet light.  
 In opaque materials such as solids, the absorbance coefficient of light is given by 
Kubelka – Munk function   
 
where K Kubelka-Munk absorption coefficient for solid materials, and  
   and  scattering coefficient of the sample[66].  
The direct band gap energy  is estimated with Tauc’s equation   
 
where  absorption coefficient of the sample,  photon energy and  constant. 
In case of a solid material, when the diffuse reflectance of the material is perfectly 
carried out,  equals to  and becomes constant for all wavelengths so Tauc’s 
 equation is reformulate to the new form  
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By representing the correlation between  on y- axis versus on x-axis, the 
intersection point of extrapolating the straight line on x- axis, at , 
represents [67]. 
Figure 4-8 exhibits the design of UV-visible spectroscopy used in measurement of 
diffuse reflectance for solid materials. The light is passed through the exit slit 
monochromater and then focused on the sample by the lens and mirror. The light is 
diffusely reflected by the sample and then collected with the integrating sphere. The 
reflected light was obtained and recorded as data via the photomultiplier.  
The UV-visible spectrophotometer (Labsphere-Evolution 600) in Figure 4-9 was 
used for determining the band gap energy. UV-visible spectrophotometer is adjusted 
to obtain a reflectance spectrum in the range of UV (200–400 nm) and visible (400–
600 nm) regions. 
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Figure 4-8  UV-visible spectroscopy for analyzing the diffuse reflectance of solid 
materials. 
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Figure 4-9  UV-visible spectrophotometer (Labsphere-Evolution 600) 
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CHAPTER 5                                                                                         
RESULTS AND DISCUSSION 
5.1. PURE ZNO CHARACTERIZATION  
5.1.1. XRD results 
5.1.1.1. Crystalline structure 
Pure ZnO has been prepared with four concentrations 1, 2, 3, and 4% of zinc acetate as 
precursor material by microwave assisted polyol method at 180 ⁰C and 200 ⁰C.  
Obtained ZnO Nanopowders were characterized by X-ray powder diffraction (XRD) in 
the range of 25–80° with a scanning step of 0.02°. Figure 5-1 shows XRD diffraction 
patterns for a sample of pure ZnO. It can be seen that all peaks indicate a single 
hexagonal phase of ZnO. No other peaks for any phase can be found.  As it was 
observed that the sample characterized does not contain contamination or impurities. 
The grain size has been estimated from Scherer's equation 
 
where, g is th e d iameter o f th e grain  size,  λ is th e wav elength  o f x-ray radiation 
source,   where  is the measured peak width and  is the 
instrumental peak width. 
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The grain size has been determined in the range from 8 to 13 nm and from12 to 17 nm at 
180 ⁰C and 200 ⁰C for 2% of precursor materials, respectively.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5-1 Hexagonal phase of pure ZnO synthesized by microwave assisted 
polyol method at 180 °C for 2% of precursor materials 
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5.1.1.2. Effect of precursor material (zinc acetate) concentration   
              on the particle size. 
Concentration effects of the precursor material (zinc acetate) on the grain size were 
studied by XRD. Values of the grain size have been estimated for the diffraction 
intensity of (100) peak by Scherer's equation.  
Figure 5-2 depicts a relation between concentrations of the precursor material (zinc 
acetate) and the grain size.  We observe that the grain size increases with increasing 
concentrations of the precursor material.  As we found that the grain size is larger at 
synthesis temperature of 200 °C. 
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at 200 ºC 
at 180 ºC 
Figure 5-2 Correlation between the grain size and concentration of the 
precursor material synthesized by microwave assisted polyol method at 180 °C 
and 200 °C 
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5.1.2. XPS results 
Figure 5-3 exhibits the XPS survey spectrum (0 – 1200 eV) of pure ZnO synthesized at 
180 °C. All elements that showed within the spectrum were ascribed to Zn, O and C 
according to XPS handbook[68]. 
The characteristic binding energy peaks of Zn were found at photoelectron lines 2p3/2 
and 2p1/2.  The binding energy peak of O2 was at photoelectron line O1s.  The Zn2p3/2 
line was resolved, by Gaussian-Lorentz fitting, into three binding energy peaks located 
at the 1019.66, 1021.09 and 1023.04 eV as shown in Figure 5-4. The O1s peak was 
resolved into three binding energies peaks located at 529.35, 531.34 and 533.22eV as 
shown in Figure 5-5.  
The middle peak (1021.09eV) of Zn2p3/2 is attributed to Zn+2 in ZnO lattice whereas 
the others binding energies peaks are of unknown components for Zn within the sample 
[69-70]. 
The low binding energy of O1s is related to O-2 ions on oxygen deficient regions 
whereas the high binding energy was coming from loosely bound oxygen existing on the 
surface of the sample such as OH bond. The middle peak represents the oxygen in ZnO 
lattice. Carbon at C1s peak (284.5 eV) was utilized as reference to define the correct 
peak position [69–71]. 
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Figure 5-3  XPS spectrum of pure ZnO synthesized at 180 °C by microwave assisted 
polyol method, showing binding energies peaks corresponding to Zn 2p, O 1s and 
C1s. 
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Figure 5-4  Resolving the binding energy peak of Zn 2p3/2 into three peaks  
for pure ZnO synthesized at 180 °C 
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Figure 5-5  Resolving the binding energy peak of O1s into three peaks  
for pure ZnO synthesized at 180 °C. 
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5.1.3. FESEM results  
Figures 5-6 and 5-7 show FESEM images of two pure samples of ZnO synthesized by 
microwave assisted polyol method at 180 ⁰C and 200 ⁰C. Images a and b have 
representative low magnification images while image c was a representative high 
magnification image.  All images demonstrate that nanoparticles strongly agglomerated 
to large spherical particles.  
Synthesis temperature has a distinct role in forming agglomeration of nanoparticles as 
can be seen in Figures 5-6 and 5-7.  Figure 5-6 shows images of separated large 
spherical particles consisting of similar grains size with a uniform agglomeration for a 
sample synthesized at 180 ⁰C whereas Figure 5-7 shows sphere-like particles with 
irregular shapes for a sample synthesized at 200 ⁰C. This change in shapes can be 
attributed to increasing synthesis temperature [72]. 
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Figure 5-6  Morphology of a pure sample of ZnO synthesized at a  
temperature of 180 °C via microwave assisted polyol method. 
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Figure 5-7  Morphology of a pure sample of ZnO synthesized at 
 a temperature of 200 °C via microwave assisted polyol method. 
( a ) 
 
( c ) 
 
( b ) 
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5.1.4. EDS results 
Figure 5-8 shows the energy-dispersive spectroscopy (EDS) results of the pure samples 
synthesized by microwave assisted polyol method at two temperatures 180 °C and 200 
°C, respectively. The chemical composition of samples indicates only two components; 
Zn and O.  The spectra emphasize clearly the absence of any impurities in the samples 
but C peak coming from the tape was used to fix the sample 
 
 
 
 
 
 
 
 
 
Figure 5-8 Spectra and table showing the chemical purity and 
components ratios of pure ZnO synthesized via microwave assisted 
polyol method at180°C and 200 ºC. 
ZnO pure at 180°C 
ZnO pure at 200°C 
C 
↓ 
C 
↓ 
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5.1.5. UV-visible diffuse reflectance spectroscopy results: 
Figure 5-9 depicts a correlation between  and  (photon energy) for one sample 
of pure ZnO. Using Tauc’s equation [67] 
 
where  Kubelka Munk absorption coefficient,  is constant,  is Photon energy, 
is the band gap energy.  
We determined the band gap energy for the pure sample by extrapolating of the straight 
line to  axis at  where intersection point of the straight line on  axis 
represents the band gap energy . The value of band gap energy of pure ZnO was 
3.29 eV at 180 ⁰C. 
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Figure 5-9  The correlation between (K E)2 and E (photon energy) 
 for samples of pure ZnO synthesized by microwave assisted polyol 
 method at 180 ⁰C for determining the band gap (Eg). 
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5.2. CU-DOPED ZNO CHARACTERIZATION  
5.2.1. XRD results 
5.2.1.1. Crystalline structure of Cu-doped ZnO 
Figures 5-10, 5-11, 5-12 and 5-13 show the spectra of x-ray diffraction patterns for pure 
and doped ZnO (Zn1-xCuxO (x = 0.0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12 and 0.14)) at 
temperature (a) 180 °C and (b) 200 °C. The XRD results revealed that diffraction peaks 
of all samples are similar to the hexagonal structure of ZnO. In addition, other peaks 
were observed within the hexagonal phase of ZnO in the doped samples. One peak of Al 
is coming from the sample holder. The other peaks which were found at diffraction 
angles 42.54° and 61.66° indicatedCu2O structure. It can be seen that their intensity 
increases with the increase of doping concentration. Cu2O phase formed out of the 
lattice crystal of ZnO since Cu+1 radius (0.096 nm) of Cu2O is larger than Zn+2 radius 
(0.074 nm) of ZnO. In other hand, Cu+2 of CuO can replaced Zn+2 in the crystal since 
Cu+2 radius (0.072 nm) since its ionic radius is very close to the Zn+2 radius (0.074 
nm)[73]. No CuO phase showed up in the XRD spectrum for all doping concentrations. 
This is due to the random substitution of Zn+2 by Cu+2 and/or the existence of Cu atoms 
as interstitials in the ZnO lattice.  However, it is possible that CuO phase can be formed 
when the concentration of Cu exceeds the solubility limit of Cu+2 in ZnO (10-16%)[74]. 
It can be seen also that, no peaks had a clear shift in the doped samples compared to pure 
samples. This phenomenon was also observed and attributed to the similarity of Cu and 
Zn radii[75].  
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Figure 5-10 XRD diffraction patterns for Zn1-xCuxO synthesized by Microwave assisted 
polyol method at temperature of (a)180 °C and (b)200 °C for 1% precursor  materials. 
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Figure 5-11  XRD diffraction patterns for Zn1-xCuxO synthesized by Microwave assisted 
polyol method at temperature of (a)180 °C and (b)200 °C for 2% precursor  materials. 
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Figure 5-12  XRD diffraction patterns for Zn1-xCuxO synthesized by Microwave assisted 
polyol method at temperature of (a)180 °C and (b)200 °C for 3% precursor  materials. 
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Figure 5-13 XRD diffraction patterns for Zn1-xCuxO synthesized by Microwave assisted 
polyol method at temperature of (a)180 °C and (b)200 °C for 4% precursor  materials. 
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5.2.1.2. Doping Effect on the lattice parameters of ZnO structure 
Effect doping on the lattice parameters of ZnO was studied for pure and doped samples 
fabricated with microwave assisted polyol method at two different temperature 180 ⁰C 
and 200 ⁰C. The structure of ZnO is hexagonal with lattice parameters a, b and c. The 
lattice parameters a=b and c of ZnO have been determined through the two highest 
peaks of diffraction angles at indexes (100) and (002) respectively using the two 
following formulas 
 
 
Values of the lattice parameters obtained for all synthesized sample were recorded in 
Table 5-1 and Table 5-2. They clearly show no changes in the lattice parameters in all 
investigated samples. This is due to the similarity of Cu and Zn radii[75] 
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Table 5-1 Data of lattice parameters a = b and c of all samples of undoped  
and doped ZnO at 180 °C 
 
 
 
 
 
 
 
 
 
 
 
 
% of Cu 
Concentration 
1% of 
precursor 
materials 
2% of 
precursor 
materials 
3% of 
precursor 
materials 
4% of 
precursor 
materials 
a(Å) c(Å) a(Å) c(Å) a(Å) c(Å) a(Å) c(Å) 
0 3.24 5.19 3.25 5.21 3.24 5.20 3.24 5.19 
2 3.24 5.21 3.25 5.20 3.23 5.18 3.25 5.21 
4 3.24 5.20 3.25 5.20 3.24 5.19 3.24 5.19 
6 3.25 5.21 3.24 5.19 3.25 5.21 3.24 5.20 
8 3.25 5.21 3.24 5.20 3.24 5.20 3.24 5.20 
10 3.25 5.20 3.25 5.22 3.25 5.22 3.24 5.20 
12 3.23 5.17 3.25 5.21 3.24 5.19 3.25 5.20 
14 3.25 5.22 3.23 5.19 3.24 5.19 3.25 5.20 
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Table 5-2 Data of lattice parameters a = b and c of all samples of undoped and 
doped ZnO at 200 °C 
 
 
 
 
 
 
% of Cu 
Concentration 
1% of 
precursor 
materials 
2% of 
precursor 
materials 
3% of 
precursor 
materials 
4% of 
precursor 
materials 
a(Å) c(Å) a(Å) c(Å) a(Å) c(Å) a(Å) c(Å) 
0 3.24 5.20 3.25 5.20 3.24 5.19 3.23 5.18 
2 3.24 5.20 3.24 5.19 3.24 5.20 3.25 5.20 
4 3.25 5.20 3.25 5.21 3.2 5.19 3.24 5.19 
6 3.25 5.21 3.24 5.20 3.24 5.20 3.24 5.20 
8 3.24 5.20 3.24 5.19 3.24 5.20 3.23 5.18 
10 3.24 5.20 3.24 5.19 3.24 5.20 3.25 5.21 
12 3.25 5.20 3.25 5.21 3.25 5.21 3.25 5.21 
14 3.24 5.20 3.25 5.20 3.25 5.20 3.24 5.20 
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5.2.1.3. Estimating grain size of pure and doped ZnO 
Figures5-14 and 5-15 show the effect doping concentration on the grain size of Cu 
doped ZnO samples that are synthesized at180 °C and 200 °C. The grain size has been 
estimated by Sherrer’s equation[76]:            
 
where, g is the diameter of the grain size, λ is the wavelength of x-ray radiation source, 
  where  is the measured peak width and  is the instrumental peak 
width. 
The grain size of nanoparticles doped with Cu decreases with increasing Cu 
concentration as recorded in Table 5-3 and shown Figures 5-14 and 5-15.  This can be 
attributed to the inhibition of grain growth due to the incorporating CuO into ZnO 
clusters[77]. 
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Table 5-3 Data showing the correlation of Cu concentration and the grain size of 
synthesized samples by microwave assisted polyol method at 180 ºC and 200 ºC 
 
 
 
 
 
 Grain size (nm) 
%
 o
f C
u 
C
on
ce
nt
ra
tio
n 
1 % of 
precursor 
materials 
2 % of 
precursor 
materials 
3 % of 
precursor 
materials 
4 % of 
precursor 
materials 
180ºC 200ºC 180ºC 200ºC 180ºC 200ºC 180ºC 200ºC 
0 10 16 12 21 16 21 16 22 
2 9 16 10 18 14 23 15 21 
4 9 15 10 16 13 23 15 20 
6 10 15 10 18 13 20 15 19 
8 7 14 9 18 12 20 14 19 
10 7 14 9 16 12 19 12 19 
12 8 12 9 15 11 15 12 17 
14 8 13 9 15 11 15 11 18 
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 Figure 5-14 The grain size versus Cu concentration for Zn1-xCuxO 
synthesized by microwave assisted polyol method at temperatures of 180 ºC 
and 200 ºC for(a) 1% (b) 2% of precursor materials.  
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5.2.1.4. Temperature effect on the particle size: 
Figure 5-15 The grain size versus Cu concentration for Zn1-xCuxO synthesized 
by microwave assisted polyol method at temperatures of 180 ºC and 200 ºC for 
(a) 3% (b) 4% of precursor materials.  
at 200 °C 
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(a) 
(b) at 200 °C 
at 180 °C 
 
% of Cu Concentration 
G
ra
in
 si
ze
 (n
m
) 
G
ra
in
 si
ze
 (n
m
) 
% of Cu Concentration 
64 
 
 
Figure 5-16 shows the relation between temperature and the grain size. One can clearly 
observe the increase the grain size with increasing temperature. The grain size has 
increased from 7 to 16 nm as temperature increased from 180 °C to 220 °C. This is 
attributed to increasing the growth of grains with rising temperature [72]. We could not 
expand the range of temperature. This is due to the decomposition of the sample does 
not occur at temperatures less than 180 °C whereas the solvent start evaporating at  
temperatures over 220 °C.  
Temperature (ºC) 
G
ra
in
 si
ze
 (n
m
) 
Figure 5-16 Effect of temperature on the grain size of ZnO nanopowders 
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5.2.2. XPS Results 
Figures 5-17 and 5-18 exhibit the XPS spectra (0 – 1200 eV) of two samples of  
(Zn1-xOCux , x=0.02and 0.10 respectively) synthesized at 180 °C. All elements that are 
shown within the spectra were ascribed to Zn, Cu, O and C according to XPS data 
handbook[68] 
They show binding energies peaks of Zn, Cu and O for the two doped samples. The 
peaks of Zn and Cu were found at 2p3/2 and 2p1/2 whereas the O peak was observed at 
O1s. 
 The peaks 2p3/2 of Zn and Cu and the O1s peak of O were resolved into peaks for each 
one by Gaussian-Lorentz as shown from Figure 5-19 to Figure 5-24.  The binding 
energy values of resolved peaks are recorded in Table 5-4. 
Table 5-4 XPS spectra of binding energies of Cu-doped ZnO samples. 
Sample 
Binding Energy  of 
Zn2p3/2 (eV) with 
components ratio 
Binding Energy  of 
O1s (eV) with 
components ratio 
Binding Energy  of 
Cu2p3/2(eV) with 
components ratio 
Zn0.98OCu0.02 
1021.29 (32.15%) 532.42 (8.97%) 934.02 (0.042%) 
1020.25 (20.55%) 530.83 (18.01%) 932.17 (0.601%) 
- - - - - - 529.26 (19.54%) 930.36 (0.143%) 
Zn0.90OCu0.10 
1024.04 (19.8%) 532.44 (1.414%) 936.33 (0.258%) 
1023.11 (42.5%) 530.83 (6.78%) 935.09 (0.512%) 
1021.09 (8.3%) 529.03 (19.08%) 934.03 (1.331%) 
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Table 5-4 shows that Zn+2 in Zn0.98OCu0.02 and Zn0.90OCu0.10 has binding energies at 
1021.29 and 1023.11eV, respectively  whereas the rest of binging energies peaks were 
attributed to unknown components of Zn.  As can be seen Cu+2 binding energies were 
located at 934.02eV and 934.03eV for Zn0.98OCu0.02 and Zn0.90OCu0.10 respectively 
while Cu+1 has only the binding energy at 932.17eV within Zn0.98OCu0.02 sample. The 
other binding energies, 930.36, 936.33 and 935.09 eV of the two samples belong to 
unknown components for Cu [69–71].  
The O1s peak has been resolved into three binding energies for each Cu-doped sample 
as shown in Table5-4. The lower peaks (529.26 and 529.03eV) for two samples were 
ascribed to oxygen deficient regions respectively while the higher peaks (532.42 and 
532.44eV) belong to loosely bound oxygen, such as OH bond, existing on the surface of 
the sample respectively. The middle peaks (530.83eVof both samples) are attributed to 
O-2 ions related to O-2 ions in ZnO lattice[78–80]. 
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Zn0.98OCu0.02 at 180°C 
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Figure 5-17  XPS spectrum of Zn0.98OCu0.02 synthesized at 180 °C by  
microwave assisted polyol method, showing the binding energy  
peaks corresponding to Zn 2p, Cu 2p, O 1s and C 1s. 
68 
 
 
 
Zn0.90OCu0.10 at 180°C 
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Figure 5-18 XPS spectrum of Zn0.90OCu0.10 synthesized at 180 °C by  
microwave assisted polyol method, showing the binding energy 
 peaks corresponding to Zn 2p, Cu 2p, O 1s and C 1s 
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Zn 2p3/2 (1021.29eV) 
(1020.52 eV) 
Zn0.98OCu0.02 at 180°C 
Figure 5-19 Resolving the binding energy peak of Zn 2p3/2 into two peaks 
 for Zn0.98OCu0.02 synthesized at 180 °C. 
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Zn2p3/2 (10 .  eV) 
 (1021.  eV) 
 (1024.04 eV) 
Zn0.9 OCu0.  at 180°C 
Figure 5-20 Resolving the binding energy peak of Zn 2p3/2 into three peaks 
 for Zn0.90OCu0.10 synthesized at 180 °C. 
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Cu 2p3/2 (932.17eV) 
 (934.02eV) 
 (930.36eV) 
Zn0.98OCu0.02 at 180°C 
Figure 5-21 Resolving the binding energy peak of Cu 2p3/2 into three peaks 
 for Zn0.98OCu0.02 synthesized at 180 °C. 
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 (935.09eV) 
 (936.33eV) 
Cu 2p3/2 (934.03eV) 
Zn0.90OCu0.10 at 180°C 
Figure 5-22 Resolving the binding energy peak of Cu 2p3/2 into three  
peaks for Zn0.90OCu0.10 synthesized at 180 °C. 
73 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-23 Resolving the binding energy peak of O 1s into three  
peaks for Zn0.98OCu0.02 synthesized at 180 °C. 
Zn0.98OCu0.02 at 180°C 
O1s (530.83eV)  
O vacancies  
and O of CuO  
  (529.62eV)  
  
O moisture 
(532.42eV)  
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Figure 5-24 Resolving the binding energy peak of O 1s into three  
peaks for Zn0.90OCu0.10 synthesized at 180 °C. 
O1s (530.83eV)  
O vacancies  
and O of CuO  
  (529.03eV)  
O moisture 
 (532.44eV)  
Zn0.90OCu0.10 at 180°C 
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5.2.3. FESEM results 
Figures 5-25, 5-26, 5-27 and 5-28 represent typical FESEM images taken for four 
samples synthesized by microwave assisted polyol method at two different temperatures. 
Figures 5-25 and 5-26 show the morphology for pure samples of ZnO at temperature 
180°C and 200°C while Figures 5-27 and 5-28 represent  the morphology of  
Zn0.86Cu0.14O at temperature 180 °C and 200 °C. Each figure includes three images; a 
and b at low magnification whereas c at high magnification. All samples show that the 
morphology of ZnO nanostructure did not change after doping ZnO with Cu. The 
morphology of the samples exhibited large spherical particles with diameter ranging 
from 400 to750 nm were formed by agglomeration of ZnO nanoparticles as shown in all 
figures at (a) and (b). It can be seen the nanoparticles located on the surface of these 
particles as grains with sizes in several nanometers. Influence of temperature on the 
morphology increased agglomerating nanoparticles as shown in Figures 5-26 and 5-28.  
 
 
 
 
 (a) (b) 
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Figure 5-25 Morphology of a pure sample of ZnO synthesized at temperature  
of 180 °C via microwave assisted polyol method 
( a ) 
 
( b ) 
 
( c ) 
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Figure 5-26 Morphology of a pure sample of ZnO synthesized at temperature  
of 200 °C via microwave assisted polyol method. 
( c ) 
 
( a ) 
 
( b ) 
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Figure 5-27 Morphology of Zn0.86OCu0.14 synthesized at temperature  
of 180 °C via microwave assisted polyol method 
(a) (b) 
(c) 
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Figure 5-28 Morphology of Zn0.86OCu0.14 synthesized at temperature  
of 200 °C via microwave assisted polyol method. 
( c ) 
 
( a ) 
 
( b ) 
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5.2.4. EDS results 
Figures5-29 and 5-30 show the spectra of EDS for the pure and doped samples 
synthesized by microwave assisted polyol method at two temperatures 180°C and 
200°C, respectively. The chemical composition of samples indicates two components; 
Zn and O for pure samples whereas three components; Zn, Cu and O for doped ZnO 
samples and C peak coming from the tape was used to fix the sample. The spectrum 
emphasizes clearly the purity of the samples from other impurities. 
 
 
 
 
 
 
 
 
 
Figure 5-29 Spectrum and table showing the chemical purity and 
components ratios of pure ZnO and doped ZnO (Zn0.86OCu0.14) 
synthesized via microwave assisted polyol method at 180 °C. 
ZnO pure at 180°C 
Zn0.86Cu0.14O at 180°C 
↓ 
↓ 
C 
C 
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Figure 5-30 Spectrum and table showing the chemical purity and 
components ratios of pure ZnO and doped ZnO (Zn0.86OCu0.14) 
synthesized via microwave assisted polyol method at 200 °C 
Zn0.86Cu0.14O at 200°C 
ZnO pure at 200°C 
↓ 
↓ 
C 
C 
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5.2.5. UV-visible diffuse reflectance spectroscopy results: 
Figure 5-31 exhibits the correlation between (KE)2 versus E (photon energy) that 
represents Tauc’s relation[67] 
 
where  Kubelka Munk absorption coefficient,  is constant,  is Photon energy, 
is the band gap energy. 
To estimate the band gap energy, the straight line of the exhibited curve on Figure 5-31 
is extrapolated to the intersection point with E axis where . According to 
Tauc’s relation E will be equal to the band gap energy .  
The values of band gap energy were recorded in Table 5-5. It shows that the energy band 
gap energy of pure and doped ZnO decreased slightly from 3.29 to 3.25 eV as the Cu 
doping concentrations increases from 0.00 to 0.14 Cu. 
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 Figure 5-31 Estimate of the direct band gap for the samples 
 (a) Pure ZnO (b) Zn0.98OCu0.02 (c) Zn0.96OCu0.04 (d) Zn0.94OCu0.06  
(e) Zn0.92OCu0.08 (f) Zn0.90OCu0.10 (g) Zn0.88OCu0.12 (h) Zn0.86OCu0.14  
synthesized at 180 °C by microwave assisted polyol method. 
 
Eg 
(a) 
(c) 
(e) 
(g) 
(b) 
(d) 
(f) 
(h) 
 
Eg 
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Table 5-5  Estimated values of energy band gap for Cu-doped ZnO samples  
(Zn1-xCuxO) 
Sample Estimated energy band gap  ( eV) 
ZnO 3.29 
Zn0.98Cu0.02O 3.29 
Zn0.96Cu0.04O 3.29 
Zn0.94Cu0.06O 3.28 
Zn0.92Cu0.08O 3.27 
Zn0.90Cu0.10O 3.26 
Zn0.88Cu0.12O 3.26 
Zn0.86Cu0.14O 3.26 
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CHAPTER 6                                                                                         
CONCLUSION 
In summary, ZnO nanopowders doped with different concentrations of Cu was 
synthesized by microwave assisted polyol methods. The domestic microwave oven was 
modified for synthesizing ZnO nanopowder. ZnO nanopowder was synthesized at 
temperatures of 180 ºC and 200 ºC. The structure, morphology, size and optical 
properties of the synthesized samples were characterized by analytical techniques such 
as XRD, XPS, FESEM, EDS and UV-visible Spectroscopy.  
XRD results showed that the hexagonal structure of ZnO did not change after doping by 
Cu. The grain size increased with increasing temperature whereas it decreased with 
increasing Cu doping concentration. The lattice parameters of ZnO had little change in 
the doped samples. 
 XPS results emphasized the presence of Cu+2 within Zn+2 crystals and EDS spectra 
clearly confirmed the chemical purity of the investigated samples.  
FESEM investigation of pure ZnO and Cu-doped ZnO synthesized by microwave 
assisted polyol method at 180 ºC and 200 ºC revealed that the shape of particles was 
spherical and these particles consisted of agglomeration of nanoparticles. The shape of 
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particles of samples synthesized at 180ºC had a spherical shape more regular than those 
samples synthesized at 200ºC.  
The results of UV –visible diffuse reflectance spectroscopy showed that the energy band 
gap of synthesized ZnO decreases only slightly from 3.29 to 3.26 eV with increasing Cu 
doping concentration within the ZnO samples 
.  
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